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Arsenic tolerance in Arabidopsis is mediated by two ABCC-type
phytochelatin transporters
Abstract
Arsenic is an extremely toxic metalloid causing serious health problems. In Southeast Asia, aquifers
providing drinking and agricultural water for tens of millions of people are contaminated with arsenic.
To reduce nutritional arsenic intake through the consumption of contaminated plants, identification of
the mechanisms for arsenic accumulation and detoxification in plants is a prerequisite. Phytochelatins
(PCs) are glutathione-derived peptides that chelate heavy metals and metalloids such as arsenic, thereby
functioning as the first step in their detoxification. Plant vacuoles act as final detoxification stores for
heavy metals and arsenic. The essential PC-metal(loid) transporters that sequester toxic metal(loid)s in
plant vacuoles have long been sought but remain unidentified in plants. Here we show that in the
absence of two ABCC-type transporters, AtABCC1 and AtABCC2, Arabidopsis thaliana is extremely
sensitive to arsenic and arsenic-based herbicides. Heterologous expression of these ABCC transporters
in phytochelatin-producing Saccharomyces cerevisiae enhanced arsenic tolerance and accumulation.
Furthermore, membrane vesicles isolated from these yeasts exhibited a pronounced arsenite
[As(III)]-PC(2) transport activity. Vacuoles isolated from atabcc1 atabcc2 double knockout plants
exhibited a very low residual As(III)-PC(2) transport activity, and interestingly, less PC was produced in
mutant plants when exposed to arsenic. Overexpression of AtPCS1 and AtABCC1 resulted in plants
exhibiting increased arsenic tolerance. Our findings demonstrate that AtABCC1 and AtABCC2 are the
long-sought and major vacuolar PC transporters. Modulation of vacuolar PC transporters in other plants
may allow engineering of plants suited either for phytoremediation or reduced accumulation of arsenic
in edible organs.
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Arsenic is an extremely toxic metalloid causing serious health problems. In 
South-East Asia, aquifers providing drinking and agricultural water for tens of 
millions of people are contaminated with arsenic. To reduce nutritional arsenic 
intake through the consumption of contaminated plants, identification of the 
mechanisms for arsenic accumulation and detoxification in plants is a 
prerequisite. Phytochelatins (PCs) are glutathione derived peptides, which 
chelate heavy metals and metalloids such as arsenic, thereby functioning in 
the first step in their detoxification. Plant vacuoles act as final detoxification 
stores for heavy metals and arsenic. The essential PC-metal(loid) transporters 
that sequester toxic metal(loid)s in plant vacuoles have been long-sought, but 
remain unidentified in plants. Here we show that in the absence of two ABCC-
type transporters, AtABCC1 and AtABCC2, Arabidopsis thaliana is extremely 
sensitive to arsenic and arsenic-based herbicides. Heterologous expression of 
these ABCC transporters in phytochelatin-producing Saccharomyces 
cerevisiae enhanced arsenic tolerance and accumulation. Furthermore, 
membrane vesicles isolated from these yeasts exhibited a pronounced As(III)-
PC2 transport activity. Vacuoles isolated from atabcc1 atabcc2 double 
knockout plants exhibited a very low residual As(III)-PC2 transport activity and 
interestingly, less PC was produced in mutant plants when exposed to arsenic. 
Overexpression of AtPCS1 and AtABCC1 resulted in plants exhibiting 
increased arsenic tolerance. Our findings demonstrate that AtABCC1 and 
AtABCC2 are the long-sought and major vacuolar PC transporters. Modulation 
of vacuolar PC transporters in other plants may allow engineering plants 
suited either for phytoremediation or reduced accumulation of arsenic in 
edible organs.  
 
\body Arsenic has been widely used in medicine, industry and agriculture. In 
medicine, it was used to treat diseases such as syphilis, trypanosomiasis or amoebic 
dysentery. In agriculture, arsenic-based herbicides, such as disodium 
methanearsonate (DSMA), continue to be applied for weed and pest control. 
However, arsenic is a highly toxic environmental pollutant, which causes global 
health problems. In South-East Asia as well as in regions with extensive mining such 
as China, Thailand, and USA, arsenic concentrations in water can be far above the 
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World Health Organization limit of 10 µg/L (133 nM), concentrations which are known 
to cause health problems. People are exposed to arsenic poisoning both by drinking 
contaminated water and by ingesting crops cultivated in soils irrigated with polluted 
water. It has been shown that arsenic in rice paddy fields is readily taken up by rice 
plants, and translocated to the grains, constituting a danger for populations which 
rely mostly on rice for their diet (1, 2). In Bangladesh alone, an estimated 25 million 
people are exposed to water contaminated with arsenic exceeding 50 µg/L, the 
Bangladesh government standard, and more than 2 million people are estimated to 
face a risk of death from cancer caused by arsenic (3-5). 
To reduce nutritional arsenic intake, identification of the mechanisms 
implicated in arsenic accumulation and detoxification of plants is a prerequisite. 
Considerable progress has been made during the last years in the identification of 
the molecular mechanisms of arsenic (As) uptake, metabolism and translocation (for 
reviews, refer (6-8)). After entering into roots through high affinity phosphate 
transporters, arsenate (As(V)) is readily reduced to arsenite (As(III)). Alternatively, 
under reducing conditions, As(III) is taken up by membrane proteins belonging to the 
aquaporin family (9, 10). In rice, it has been shown that As(III) is exported 
subsequently to the xylem by the silicon efflux transporter Lsi2, resulting in root-to-
shoot transport of arsenic (11). The final step of arsenic detoxification in the cell is 
the sequestration into vacuoles, which depends mainly on glutathione (GSH) and 
phytochelatins (PCs). PCs are GSH-derived metal-binding peptides, whose 
synthesis is induced by arsenic as well as other toxic metals (12, 13). PCs chelate 
As(III) and heavy metals with their thiol groups, and the metal(loid)-PC complexes 
are sequestered into vacuoles, protecting cellular components from the reactive 
metal(loid)s.  
The PC-mediated detoxification is unique to plants and a few other PC-
producing organisms but, different from that of budding yeast or humans where PCs 
or PC synthase do not exist. The transporters responsible for active transport of PC-
conjugated As(III) as well as for transport of PC-conjugated heavy metals into plant 
vacuoles (14-17) are yet to be identified, but have been proposed to be ABC 
transporters as is the case with GS-conjugated As(III) in other organisms (18, 19). 
For example, in Saccharomyces cerevisiae, it has been shown that arsenic is 
detoxified by YCF1, an ABC protein transporting As(GS)3 into vacuoles (18). In 
4 
 
humans, it has been shown that HsABCC1 and HsABCC2 are involved in arsenic 
detoxification by transporting As(III) conjugated to glutathione (19). Another ABC 
transporter, Hmt1, has been proposed to act as a vacuolar PC transporter in 
Schizosaccharomyces pombe, although hmt1 deletion mutant continued to exhibit 
PC accumulation in vacuoles and HMT1 did not confer arsenic resistance (20, 21). In 
plants, no orthologue for Hmt1 has been identified. 
Here we report on the identification of two ABC transporters required for 
arsenic detoxification. These transporters are plant phytochelatin transporters which 
have been sought since the discovery of PCs (12, 22). Thus this finding provides a 
key to understanding the detoxification of many xenobiotic molecules, heavy metals 
and metalloids including arsenic, that are conjugated with PCs for detoxification. 
 
Results 
The atabcc1 atabcc2 double knock-out mutant is hyper-sensitive to arsenic 
and arsenic herbicide.  
To identify candidate transporters likely involved in arsenic detoxification in 
plants, we focused on screening the ABCC sub-family of ABC transporters also 
known as the MRPs. This sub-family includes ABC transporters implicated in heavy 
metal resistance such as ScYCF1, the yeast vacuolar As(GS)3 transporter (18), and 
the two human arsenic-detoxifying ABC transporters (19). Members of this family 
have also been shown to transport glutathione conjugates and to confer cadmium 
resistance in plants and humans (23-26). In addition, for many ABCC proteins in 
Arabidopsis, vacuolar localization has been demonstrated or proposed based on 
data obtained using either Western blotting of membrane fractions, GFP fusion 
proteins, or vacuolar proteomics approaches (27-30). We have therefore isolated 
homozygous knock-out lines for all fifteen Arabidopsis ABCC genes and have grown 
these mutants in the presence of arsenic and arsenic-containing herbicides. Two 
different forms of arsenic were used because they have different entry pathways to 
the cell as well as differential metabolism. While As(V) is taken up by the high affinity 
phosphate transporter (31, 32), DSMA is much more hydrophobic and is rapidly 
absorbed by plant roots. Furthermore, As(V) is reduced to As(III) in the cell, while in 
DSMA, arsenic is already present in the As(III) form. While no As(V)-sensitive atabcc 
knock-out mutant was found, the growth of two deletion mutants, atabcc1/atmrp1 
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and atabcc2/atmrp2 was impaired in the presence of the arsenic herbicide DSMA, 
compared to that of the wild type (Figs. 1, S1). To determine whether the relatively 
moderate arsenic sensitivity could be due to overlapping functions of the two ABC 
transporters, we generated a double knock-out atabcc1 atabcc2 mutant. AtABCC1 
and AtABCC2 which belong to clade I of ABCC sub-family, share a high amino acid 
sequence similarity. Furthermore, both have been localized to the vacuolar 
membrane in former studies (27, 28). While under control conditions no difference in 
growth was observed between the wild type and the double knock-out mutant, 
growth of the atabcc1 atabcc2 double knock-out line was dramatically impaired on 
plates containing DSMA as well as low level of As(V) compared to the wild type (Fig. 
1A, B). Quantification of the fresh weight and root length of plants grown in As(V)-
containing media confirmed that a significant difference could only be observed for 
the double knock-out, which exhibited a strongly reduced fresh weight even at low 
As(V) concentrations (Fig. 1C, D). In the presence of 30 µM As(V) root growth was 
reduced by more than 60%. The sensitivity of the atabcc1 atabcc2 knock-out line 
was comparable to that observed for cad1-3, an Arabidopsis mutant impaired in PC 
synthesis (Fig. S2) (33). In order to verify whether AtABCC1 and AtABCC2 confer 
arsenic tolerance under natural conditions we grew the wild type, atabcc1 and 
atabcc2 single and double knock-out lines and the corresponding wild type on soil for 
3 weeks and then irrigated the plants with 133.5 µM!As(V) for additional eight days. 
The atabcc1 atabcc2 double mutants were extremely sensitive to As(V) and did not 
survive this treatment while the wild-type and single knock-out plants were not visibly 
affected (Fig. 1E).  
 
AtABCC1 and AtABCC2 enhance arsenic tolerance and accumulation in the 
presence of TaPCS1 in budding yeasts.  
To test whether AtABCC1 and AtABCC2 confer arsenic resistance by 
compartmentalization of a GS-As complex into the vacuole, we expressed the 
transporters in SM4, a budding yeast mutant strain lacking YCF1 and the three other 
vacuolar ABCC-type ABC transporters, YHL035c, YLL015w, and YLL048c. 
AtABCC1- or AtABCC2-expressing SM4 yeast lines showed only a marginal 
increase in arsenic resistance, compared to the empty vector (EV) control (Fig. 2A). 
These results indicate that in contrast to Arabidopsis, AtABCC1 and AtABCC2 
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cannot mediate arsenic tolerance in budding yeast which does not synthesize PCs. 
These experiments also suggest that AtABCC1 and AtABCC2 are not efficient GS-
As complex transporters and thus cannot complement ycf1.  
In contrast to S. cerevisiae and humans, which depend on GSH for arsenic 
detoxification, in plants, detoxification of arsenic has been shown to mainly depend 
on PCs (8, 16, 33, 34). We therefore tested whether AtABCC1 and AtABCC2 confer 
arsenic resistance by transporting PC-As complexes. As a first approach, we 
generated a yeast mutant expressing the wheat PC synthase, TaPCS1 (35, 36) in 
the SM4 background, and named it as SM7. This yeast strain was then used to 
express either AtABCC1 or AtABCC2. When grown on arsenic-free control medium, 
no large difference could be observed between the SM7 cells transformed with the 
empty vector or expressing either of the ABC transporters. However, when the yeast 
cells were exposed to 100 µM As(III), the lines expressing AtABCC1 or AtABCC2 
grew dramatically better than controls (Fig. 2A). In this condition, yeast cells 
expressing the ABC transporters accumulated more arsenic than the corresponding 
control (Fig. 2B). Furthermore in the presence of arsenic, AtABCC1 and AtABCC2 
expressing SM7 strains contained much higher PC levels compared to SM7 strains 
transformed with the empty vector (Fig. S3), indicating that efficient PC synthesis is 
only achieved when PCs are transported into the vacuole.  
 Together, these results indicate that AtABCC1 and AtABCC2 can mediate 
vacuolar PC-As sequestration, allowing the PC-producing yeast strains to cope with 
arsenic. These heterologous reconstruction assays also suggest that chelation of 
arsenic by PC alone cannot detoxify arsenic, but transporters of PC-As complex are 
required, since expression of PCS in the SM4 background (SM7) did not increase 
arsenic tolerance (Fig. 2A). 
 
AtABCC1 and AtABCC2 mediate phytochelatin transport.  
To directly determine whether AtABCC1 and AtABCC2 mediate PC-As 
transport, we performed transport experiments using microsomal vesicles isolated 
from SM7 yeast transformed with the empty vector or expressing AtABCC1 and 
AtABCC2. As shown in Fig. 3A, vesicles isolated from yeast cells expressing 
AtABCC1 or AtABCC2 efficiently took up As(III)-PC2 in a time-dependent manner, 
while in vesicles isolated from the empty vector control, the uptake was negligible. 
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As expected for an ABC-type transporter, As(III)-PC2 uptake into yeast vesicles was 
not inhibited by dissipating the proton gradient with NH4+, while in the presence of 
vanadate, the transport activity was completely inhibited (Fig. 3B). Comparison of the 
uptake activity of apoPC2 and As(III)-PC2 revealed that the As(III)-PC2 complex is 
transported more efficiently than apoPC2 by both AtABCC1 and AtABCC2 (Fig. 3B). 
The ratio of the transport activity between apoPC2 and As(III)-PC2 varied between 
the different batches of PC2 produced, probably due to variable stability of the PC2-
As complex. The discrimination between apoPC2 and As(III)-PC2 was more 
pronounced for AtABCC2 than for AtABCC1. As shown for As(III)-PC2, apoPC2 
uptake was also inhibited by vanadate but not by NH4+ (Fig S4A). We further tested 
whether AtABCC2 can transport arsenic in a non-chelated form using microsomal 
vesicles of the SM7 cells expressing the transporter. Arsenic content measured 
using ICP-MS showed that without PCs, no arsenic was transported via AtABCC2 
(Fig. 3C). Furthermore, by comparison of concentrations of PC2 and arsenic 
transported into these vesicles, we could estimate that AtABCC2 mediates the 
transport of two molecules of PC2 per molecule of As (Fig. 3C). 
Surprisingly, the concentration-dependent As(III)-PC2 uptake did not follow 
classical saturation kinetics, but exhibited an apparent sigmoid curve, for both 
AtABCC1 and AtABCC2 (Fig. 3D). At PC2 concentrations below 10 µM, As(III)-PC2 
uptake activity was negligible but was strongly stimulated by increasing PC 
concentrations. The PC concentration for half maximal uptake activity was estimated 
to be 350 µM. This high concentration suggests a rather low affinity of AtABCC1 and 
AtABCC2 for PCs. Previous reports demonstrated that PCs can accumulate to 
concentrations exceeding 1000 µM under metal(loid) stress (37), in good agreement 
with the concentrations that exhibited optimal uptake in these experiments (Fig. 3D). 
Interestingly, the concentration-dependence for apoPC2 was linear and did not 
reveal a saturation curve up to 1000 µM apoPC2 (Fig. 3D).  
 
AtABCC1 and AtABCC2 are the major As(III)-PC2 transporters in plant vacuoles.  
In order to determine whether AtABCC1 and AtABCC2 indeed encode the 
long-sought functional phytochelatin transporters in planta and to determine their 
contribution to vacuolar PC uptake, we compared the transport activities for As(III)-
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PC2 and apoPC2 of intact vacuoles isolated from the atabcc1 atabcc2 double knock-
out and wild-type plants. As shown in Fig. 4A, vacuolar uptake activities of both 
As(III)-PC2 and apoPC2 were dramatically reduced by 85% and 95% respectively in 
the mutant plant, indicating that these two ABC transporters are by far the most 
important PC and PC-conjugate transporters in Arabidopsis. AtABCC11 and 
AtABCC12, very close homologues of AtABCC1 and AtABCC2, could be responsible 
for the very low residual PC uptake activity. Comparison of the transport rates of 
apoPC2 and As(III)-PC2 in vacuoles isolated from wild type Arabidopsis showed that 
the differences in transport rates for these two forms of PC were less pronounced in 
Arabidopsis vacuoles than in yeast vesicles. This might be due to the more than two 
fold higher expression level of AtABCC1 compared to AtABCC2 in fully expanded 
Arabidopsis leaves, the tissue used for vacuole isolation (Genenvestigator or 
http://www.bar.utoronto.ca/). In yeast experiments the selectivity of AtABCC1 for 
As(III)-PC2 was much lower than that of AtABCC2. An alternative explanation could 
be that the different lipid environment in plant and yeast vesicles affects also the 
selectivity. As observed for yeasts, vacuolar PC transport in Arabidopsis was not 
inhibited by NH4+ (residual transport activity 98 ± 4%), but strongly inhibited by 
vanadate (residual transport activity 25 ± 7%) (Fig. S4B), which are typical features 
of ABC transporters.  
Phytochelatin contents, integrated over two days of continuous arsenic 
exposure, were reduced in atabcc1 atabcc2 double knock-out plants, when total 
plant PC contents, reflecting the vacuolar and cytoplasmic pools, were measured 
(Fig. 4B). The difference between wild-type plants and the mutants become more 
pronounced at high arsenic concentrations, which increased production of 
phytochelatins. This observation is in line with the sigmoid kinetics of the vacuolar 
transport observed in vesicles isolated from the yeasts expressing the two AtABCC 
transporters and again supports the necessity of transporting PCs into the vacuole 
for continuous PC synthesis. Surprisingly, double mutant plants took up slightly more 
arsenic, but the transfer of arsenic to the shoot was reduced in these plants (Fig S5). 
The same result was obtained in plants grown on plates as well as under hydroponic 
conditions.  
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Overexpression of AtABCC1 increases arsenic tolerance only when co-
expressed with phytochelatin synthase. 
To determine whether arsenic tolerance can be increased by expressing one 
of the phytochelatin transporters, we transformed wild-type plants with a construct 
where AtABCC1 is driven by the 35S promoter. We could identify only plants where 
the transcript levels were maximally increased by 20 to 40%. However, these lines 
did not confer increased arsenic tolerance (Fig. S6), which may be explained by the 
circumstance that the overexpression was not strong enough or that the PC 
transport activity is not the limiting factor in conferring arsenic tolerance. Therefore 
we generated AtPCS1 single and AtPCS1 AtABCC1 co-overexpressing lines. No 
differences in arsenic tolerance could be detected between the wild type and seven 
AtPCS1 single overexpressing lines, despite transcript levels of AtPCS1 exceeded 
that of the wild type by 860 % to 3260 % in those lines (Fig. S7). In contrast, the two 
plants co-transformed with AtPCS1 and AtABCC1 (MP-1 and MP-2) exhibited a 
consistent increase in arsenic tolerance (Fig. 5). Besides the less chlorotic 
phenotype, shoot fresh weight was also increased in the plants overexpressing both 
genes. When exposed to 70 µM As(V), the shoot weight of these two lines 
corresponds to 161 and 147% of those of the wild type and AtPCS1 overexpressing 
plants (Fig. 5C). Even after normalization with the growth in control medium, to take 
into account the slightly better growth of the double transformant in normal medium, 
the two AtPCS1 AtABCC1 double transformants exhibited an increased arsenic 
tolerance (124 and 114% of the wild type, respectively). These results show that co-
expression of an ABC-type phytochelatin transporter and PCS can result in plants 
with enhanced arsenic tolerance.  
 
Discussion 
Co-operation of phytochelatin transport and synthesis in As 
detoxification.  
Previous studies have demonstrated that PCs are required for arsenic 
tolerance in higher plants (33, 36). PC-conjugated substrates have been suggested 
to be sequestered into vacuoles. However, until now no plant transporter for PCs has 
been identified. Our results demonstrate that AtABCC1 and AtABCC2 are both 
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vacuolar PC transporters required for arsenic resistance in Arabidopsis thaliana. The 
similar phenotypes of the atabcc1 atabcc2 double knock-out and the cad1 mutant, 
which lacks PC synthesis, suggest that the sequestration of PC-As complexes into 
vacuoles is as critical for the detoxification of arsenic as the synthesis of PCs. Similar 
mechanism may work for other metal(loid)s, or alternatively, they may form bis-
glutathione complex and sequestered for detoxification. The main transporters for 
the glutathione metal(loid) complexes in plants remain to be identified.  
The AtABCC1 and AtABCC2 transporters and PC synthase may function in a 
concerted way in As detoxification pathway. The PC synthase enzyme, although 
present even when plants are not exposed to heavy metals or metalloids, remains 
inactive under normal conditions, and is rapidly activated when plants take up 
arsenic or other toxic metal(loid)s (12, 38). Similarly, expression of AtABCC1 and 
AtABCC2 is not induced by arsenic in Arabidopsis, nor does the absence of one of 
the ABCCs result in increased transcription of the other (Fig. S8B, 39). AtABCC1 
and AtABCC2 are not synthesized de novo, but constitutively present in a plant cell 
to rapidly respond to toxic metal(loid)s and xenobiotic stresses in a way similar to 
PCS1. Furthermore, the synthesis of PCs appears to be positively correlated with the 
presence of the PC transporters (Figs. 4B, S3). In both yeasts and plants, PCs are 
increased when cells also express PC transporters. This observation suggests that 
phytochelatin synthesis undergoes a feedback regulation and that removal of 
phytochelatins from the cytosol leads to an increase of its synthesis. A puzzling 
result was the observation in the double knock-out that arsenic concentration was 
higher in roots and that the root to shoot transfer was diminished (Fig. S5), which is 
in contrast to the observations made in plants lacking GSH or phytochelatins (34). 
This cannot be due to an alternative phytochelatin transporter, since the atabcc1 
atabcc2 double mutant is very susceptible to arsenic exposure. Even at lower 
concentrations, the atabcc1 atabcc2 knock-out plants still produce PCs (Fig. 4B); 
however they accumulate these peptides in the cytosol. As(V) exhibits a complex 
metabolism in plants and apparently accumulation of PC-As complexes in the 
cytosol induces mechanisms which reduce the transfer of arsenic to the shoot, either 
by inducing genes which may be responsible for the translocation of phosphate from 
the root to the shoot or by inducing a toxicity response which has the same effect. 
Consistent with this possibility, atabcc1 atabcc2 plants grown hydroponically in the 
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presence of 5 µM As(V) were reduced in phosphate contents by 16% (P=0.05) in 
shoots, while in roots, their phosphate content was similar to that of the wild type (Fig. 
S5).  
Under our experimental conditions, overexpressing AtPCS1 alone did not 
result in an increased arsenic tolerance (Fig. S7). Inconsistant results have been 
reported using a similar approach. Li et al. (40) showed a pronounced increase when 
AtPCS1 was expressed in Arabidopsis, while Guo et al. (41) could only observe an 
increased tolerance when both, AsPCS1 and ScGSH1 were co-expressed, indicating 
that so far unknown parameters may play a role when PCS1s are overexpressed in 
Arabidopsis. We also could not observe any increase in tolerance when AtABCC1 
was overexpressed alone. Only transgenic plants overexpressing both AtPCS1 and 
AtABCC1 exhibited an increased arsenic tolerance. Therefore, it has to be assumed 
that efficient increase in arsenic tolerance requires both PC synthase and the 
phytochelatin transporter. Modification of ABCC transporter and PCS expression in 
plants may therefore enable future engineering of reduction in the accumulation of 
arsenic in edible organs of plants. A similar case was reported recently for reduction 
of cadmium content in rice grain by overexpression of OsHMA3, a P-type ATPase 
(42). It will also be interesting to see whether these two different transport systems 
can give a synergistic effect.  
 
Biochemical characteristics of AtABCC1 and AtABCC2.  
Both AtABCC1 and AtABCC2 transported apoPC2 as well as As(III)-PC2 (Fig. 
3B), although As(III)-PC2 was the substrate more efficiently transported. The 
transport of apoPC2 by the ABC transporters may supply the vacuolar apoPC2 
required for stabilization of toxic metal(loid)s transported into the vacuole by other 
transporters that carry unbound forms of metals and metalloids. Alternatively, or 
additionally, apoPC2 might also be used to produce high molecular weight thiol-As 
complexes which possess high binding capacity for arsenic. 
Kinetic studies of the As(III)-PC2 uptake mediated by AtABCC1 and AtABCC2 
revealed that the transport activity was low at low concentrations of As(III)-PC2, and 
increased with elevated substrate concentration increased (Fig. 3D). The minimal 
transport activity at low PC concentrations may allow detoxifying toxic metals more 
efficiently. PCs are synthesized in response to the presence of arsenic or heavy 
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metals by activation of phytochelatin synthase (12, 38). It is likely that at the 
beginning of this reaction, PCs are accumulated, which subsequently complexes 
arsenic or other heavy metals. If apoPC was efficiently transported into the vacuole 
even at very low concentrations, less PCs would be available in the cytosol for 
immediate chelation of arsenic when plants are exposed to arsenic. However, after 
As(III)-PC2 is accumulated in the cytosol, it has presumably to be transported rapidly 
into the vacuole, to avoid inhibition of PC synthesis by a feedback regulation 
mechanism (Figs. 4B and S3). Biochemically, the sigmoidal concentration 
dependence indicates allosteric regulation by multiple substrate binding sites or 
interaction with other proteins.  
In addition to their central role as phytochelatin transporters, AtABCC1 and 
AtABCC2 have been reported to be involved in a broad range of detoxification 
processes. Both proteins transport glutathione conjugates (23, 26), which are formed 
by the attack of the GSH thiolate anion to an electrophilic and potentially toxic 
substrate. Furthermore, AtABCC2 has been shown to transport chlorophyll 
catabolites, which are potentially toxic, since they can absorb light and produce 
harmful reactive oxygen species (43). This versatile and important role in plant 
detoxification requires that AtABCC1 and AtABCC2 are expressed in all tissues in a 
constitutive way.  
 
Materials and Methods 
Plant materials, growth conditions, and arsenical treatments. Arabidopsis seeds of wild-
type and transgenic plants (ecotype Columbia-0) were grown on half-strength Murashige-
Skoog agar plates with 1.5 % sucrose in the absence or presence of the indicated 
concentrations of arsenate (As(V), Na2HAsO4) or disodium methanearsonate (DSMA), an 
arsenic herbicide, (Supleco, http://www.sigmaaldrich.com) at a controlled environment with a 
16 h light/8 h dark cycle at 22 °C/18 °C for the indicated times. All ABCC/MRP knockout 
mutants were obtained from the Salk Genomic Analysis Laboratory (http://signal.salk.edu/) 
except abcc2-2, abcc11-1, and abcc12-2, which were provided by Dr. Markus Klein. 
 
Isolation of intact vacuoles from Arabidopsis protoplasts and transport assays. 
Vacuoles were prepared from Arabidopsis mesophyll protoplasts as described previously (44, 
45). Transport studies with Arabidopsis mesophyll vacuoles were performed as described for 
barley (44, 45), but using silicone oil poly(dimethylsiloxane-co-methylphenylsiloxane) 550 
13 
 
(Aldrich, http://www.sigmaaldrich.com) instead of AR200. The assay for apoPC2 contained 
200 µM PC2 and 200 µM DTT; that for As(III)-PC2 contained 200 µM PC2, 400 µM As(III) and 
200 µM DTT. 50 nCi (1840 Bq) 35S-labelled PC2 and 50 nCi (1840 Bq) 3H2O were used as 
tracer in every assay. The volume of vacuoles was determined using 3H2O. Transport rates 
were calculated by subtracting the radioactivity taken up after 20 min from that after 2.5 min 
incubation. 
 
Supporting information. For other methods, see SI Materials and Methods.  
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Figure legends 
 
Fig. 1. Hyper-sensitivity of atabcc1 atabcc2 double knock-out mutants to arsenic 
(As(V)) and DSMA, an arsenic herbicide. (A, B) Wild-type, AtABCC1 knock-out 
(abcc1-3), AtABCC2 knock-out (abcc2-2), and double knock-out (abcc1 abcc2) 
seedlings grown in 100 mg/L of arsenic herbicide DSMA (A) and 50 µM of As(V) (B) 
containing half-strength MS media for 16 days. Note that single knock-out mutants of 
AtABCC1 or AtABCC2 are also sensitive to the arsenic herbicide (A), but not to 
As(V) (B). Scale bar=1 cm. (C, D) Fresh weight (C) and root length (D) of each 
genotype of plants grown on 0 to 50 µM As(V)-containing 1/2 MS media. Mean ± 
s.e.m. (for fresh weights, n=16, from four independent experiments; for root lengths, 
n=332~336, from three independent experiments). * P < 0.04, ** P < 0.01 (Student’s 
t-test). (E) Arsenic-sensitive phenotype of atabcc1 atabcc2 double knockout plants 
grown in soil. Three-week old plants were watered with 133.5 µM As(V). Four 
representative plants out of twelve, each was photographed 8 days after arsenic 
treatment. 
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Fig. 2. AtABCC1 and AtABCC2 enhance arsenic tolerance and accumulation in PCS 
(phytochelatin synthase)-expressing budding yeasts. (A) Expression of AtABCC1 
(ABCC1) or AtABCC2 (ABCC2) in PC-producing yeast (SM7) enhanced tolerance to 
100 µM of As(III). EV=empty vector control. In SM4 strain without PCS expression, 
no growth difference between genotypes was apparent. Cells were grown in half-
strength SD-Ura media supplemented with 100 µM As(III) for 2 days. O.D.600, optical 
density at 600 nm of the yeast suspension that was initially spotted on the plates. (B) 
Arsenic content of SM7 yeast cells expressing AtABCC1 or AtABCC2 was higher 
than that of cells transformed with the empty vector. Cells were grown in half-
strength SD-Ura media supplemented with 100 µM As(III) for 12 hours. Mean ± s.e.m. 
(n=21, from seven independent experiments). * P < 0.03, ** P < 0.005 (Student’s t-
test).  
 
Fig. 3. AtABCC1 and AtABCC2 mediate phytochelatin transport in microsomes 
isolated from yeast transformed with AtABCC1 and AtABCC2 transporters. (A) Time-
dependent uptake of PC2-As in yeast microsomes isolated from Saccharomyces 
cerevisiae transformed with the empty vector (EV), AtABCC1 and AtABCC2. PC 
concentration was 25 µM. (B) Comparison of transport activities for apoPC2 and PC2-
As, and inhibition of PC2-As transport by NH4+ and vanadate. PC concentration was 
25 µM. (C) Relationship between arsenic (left panel) and PC (right panel) transport 
activity. Five hundred µM PC2 with 1 mM arsenite or 1 mM arsenite alone was used 
and the concentrations of transported PC2 and arsenic were measured. (D) 
Concentration-dependence of PC2-As (solid line) and apo-PC2 (dotted line) transport 
activity of vesicles isolated from AtABCC1 (!) and AtABCC2 (") expressing SM7 
Saccharomyces cerevisiae. Inset graph is an enlarged version at low concentrations 
of the substrate. Mean ± s.e.m. (from three independent experiments with four 
replicates each). 
!
Fig. 4. Vacuoles isolated from the atabcc1 atabcc2 double knock-out exhibit only a 
very low residual phytochelatin transport activity and atabcc1 atabcc2 double 
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knockout show decreased content of PCs at the seedling stage. (A) Vacuoles were 
isolated from wild-type and the atabcc1 atabcc2 double knock-out plants and tested 
for transport activities for PC2-As and apo-PC2. As a negative control, ATP was 
replaced by ADP. PC concentration was 250 µM. Mean ± s.e.m. (from two 
independent experiments with four replicates each). (B) 12 day-old seedlings were 
exposed to different concentrations of potassium arsenate for 96 hours and the 
integrated accumulation of PCs was determined by HPLC-MS. Mean of two 
replicates (0 µM of arsenic) or three replicates ± s.e.m. (50 and 100 µM of arsenic).  
 
Fig. 5. Co-overexpression of phytochelatin synthase (AtPCS1) and AtABCC1 results 
in increased arsenic tolerance. (A) Wild-type plants, plants of a representative 
AtPCS1 overexpressing line (PCS1) and plants overexpressing AtPCS1 and 
AtABCC1 (MP-1 and MP-2) grown either on 110 µM As(V)-containing or control half-
strength MS plates. (B) Transcript levels of AtABCC1 and AtPCS1 in the plants used 
in (A), determined by qPCR. (C) Shoot fresh weight of wild-type and transgenic 
plants grown under control conditions or in the presence of 70 µM As(V). Mean ± 
s.e.m. (from two independent experiments with four replicates each). * P < 0.02 by 
Student’s t-test.  
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Figure S1. Arsenic herbicide sensitivity test for knock-out mutants of all fifteen members of
the Arabidopsis ABCC/MRP sub-family. Arrows point the atabcc1 and atabcc2 mutants,
whose growth was reduced compared to the wild type. Mutant and wild-type plants were
grown in half-strength MS (1/2 MS) media in the absence or presence of 125 or 150 mg/L
DSMA for 2 weeks. Scale bar=1 cm and applies to all panels.
WT cad1-3abcc1 abcc2
As 30 μM
½ MS
Figure S2. atabcc1 atabcc2 double knock-out mutant is as sensitive to arsenic as 
the phytochelatin synthesis-deficient cad1-3 mutant. Wild-type, atabcc1 atabcc2
double knock-out (abcc1 abcc2), and AtPCS1 mutant (cad1-3) plants were grown 
in 10 or 30 μM of As(V) containing half-strength MS (1/2 MS) media for 13 days. 
Scale bar=1 cm.
As 10 μM
Figure S3. Phytochelatin levels in AtABCC1 and AtABCC2-expressing SM7 yeast 
strains. Yeast strains expressing PCS (SM7) either alone (EV) or together with 
AtABCC1 and AtABCC2, respectively, were grown in SD-Ura supplemented with 
0.1 mM CuSO4 to a OD600nm 1.0 and then exposed to 100 μM arsenic for 20 hours. 
PC content was measured in cell extracts by HPLC. Mean ± s.e.m. (from three 
independent experiments).
A B
Figure S4. ApoPC2 and As-PC2 transport in AtABCC2 expressing yeast vesicle (A)
and wild-type Arabidopsis vacuoles (B) is inhibited by vanadate, but not by NH4+.
(A) Inhibition of AtABCC2-mediated apoPC2 transport by vanadate treatment.
Experimental procedures were the same as described for figure 3B, except that
the apoPC2 concentration was 250 μM. (B) Inhibition of As-PC2 transport in
Arabidopsis vacuoles. Experimental procedures were the same as described for
figure 4. Mean ± s.e.m. (from two independent experiments with four replicates
each).
A B
Shoot Root
C DTotal Hydroponic
E P contents
Figure S5. Arsenic accumulation was decreased in shoots and increased in roots of
atabcc1 atabcc2 knock-out mutants. (A-C) Arsenic contents of shoots (A) and roots (B)
were measured in wild-type and atabcc1 atabcc2 double knock-out (abcc1 abcc2)
seedlings. Arabidopsis plants were grown in half-strength MS agar plates for two weeks,
and treated with 20 μM As(V) for 3, 5 or 10 days. Total arsenic contents per each plant
h i (C) (D E) A i (D) d h h t (E) t t f WT d th d blwere s own n . - rsen c an p osp a e con en s o an e ou e
mutant plants which were grown hydroponically and treated with 5 μM As(V) for 5 days.
Mean± s.e.m. (n=5~10, from three independent experiments for (A) to (C); n=3~5 for (D)
and (E)).
As 70 μM
WT
M-1 M-2
½ MS
WT
M-1 M-2
A
B
Figure S6. Overexpression of AtABCC1 alone does not increase tolerance to 
arsenic. (A) Two AtABCC1 overexpressing lines (M-1 and M-2) show similar 
arsenic resistance to wild-type plants (WT). Plants were grown in half-strength MS 
media with or without As 70 μM for 14 days. (B) Transcript level of AtABCC1 was 
detected in AtABCC1 overexpressing lines by quantitative RT-PCR analyses. 
Total RNA was isolated from shoots and roots of two-week old seedlings. Data 
were normalized using Tubulin8. Mean ± sd. Scale bar=1 cm.
As 70 μM ½ MS
WT PCS6 PCS7
WT PCS2 PCS3
PCS4 PCS5
WT PCS2 PCS3
PCS4 PCS5
A
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WT PCS6 PCS7
Figure S7. Phenotype of AtPCS1 overexpressing plants in As(V)-containing 
media. (A) Six lines of  AtPCS1 overexpressing plants and the wild type were 
grown for 3 weeks in the presence or absence of 70 μM of As(V). Scale bar=1 cm. 
(B) Transcript level of AtPCS1 was detected in wild-type and AtPCS1
overexpressing plants by quantitative RT-PCR analyses. 
AABCC1
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Figure S8. Transcript levels of AtABCC1 and AtABCC2 in single and double knock-out
plants of AtABCC1 and AtABCC2. (A) AtABCC1 or AtABCC2 transcript was not
detectable in atabcc1-3 or atabcc2-2 knock-out plants, respectively. Neither of the
transcripts was detectable in atabcc1 atabcc2 double knock-out plants. AtABCC1-s and
AtABCC1-as primers were used to amplify AtABCC1 transcripts, and AtABCC2RT-F
and AtABCC2RT-R primers were used for AtABCC2 transcript analysis. Actin was used
as a loading control. (B) The expression of AtABCC1 and AtABCC2 is not induced by
arsenate exposure or by the absence of AtABCC1 or AtABCC2. Transcript levels of
AtABCC1 or AtABCC2 were determined by quantitative RT-PCR analyses using total
RNA isolated from the wild type plants treated with or without 180 μM of As(V) for 24-
hours, and from atabcc1 or atabcc2 knock-out plants. Data were normalized using
transcript level of Tubulin8 and presented as fold changes to the WT value. Mean ±
s.e.m. (from two independent experiments with two replicates each).
Name Accession number Salk number Reference 
Table S1. Arabidopsis ABCC/MRP knockout mutants used in this study.
abcc1-3 At1g30400 Salk_017431 This study 
abcc2-2 At2g34660 Salk_127425 Frelet-Barrand, et al., 2008 (1)
abcc3 At3g13080 WiscDsLox481-484C11 This study 
abcc4 At2g47800 Salk_093541 This study
abcc5 At1g04120 Salk_002438 This study
abcc6 At3g13090 Salk_110544 This study
abcc7 At3g13100 Salk_068478 This study
abcc8 At3g21250 Salk_110195 This study
abcc9 At3g60160 Salk_087700 This study
abcc10 At3g59140 Salk_148625 This study
abcc11 1 At1g30420 Salk 137031 Frelet Barrand et al 2008 (1)-  _ - ,  .,  
abcc12-2 At1g30410 Salk_057394 Frelet-Barrand, et al., 2008 (1)
abcc13 At2g07680 Salk_044759 This study
abcc14 At3g62700 Salk_091563 This study
abcc15 At3g60970 Salk_123843 This study
Table S2. Yeast strains and primers used in this study.
Strain or primer Genotype or sequence References
DTY167 MATa ura3 leu2 his3 trp3 lys2 suc2 ycf::hisG Szczypka et al., 1994 (4)
YMM31 MATa, ura3-52 lys2-801 ade2-101 trp1-63 his3-200 leu2-1 ycf1:: HIS3-MX6
from Dr. Karl 
Kuchler 
Y11503 Matα; his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0; YLL015w::kanMX4 EUROSCARF
YMM34 MATα ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 yll048c:: TRP1
from Dr. Karl 
Kuchler
SM4 ycf1:: His3, yhl035c::HIS3-MX6, yll015w::Kan-MX6, yll048c:: TRP1-MX6 This study
SM7 ycf1:: His3, yhl035c::HIS3-MX6, yll015w::Kan-MX6, yll048c:: TRP1-MX6, TaPCS1:: cup1-1 This study
AtABCC1-s CCGCAGAAATCCTCTTGGTCTTGATG This study
AtABCC1-as GTGAATCATCACCGTTAGCTTCTCTGG This study
AtABCC1,2F ATCCGTGAACTCCGTTGGTATGTC This study
AtABCC1,2R ACCACATGGTATGAAGTGATTGGC This study
AtABCC2RT-F AGCGTGCCAAAGATGACTCACACCAC This study
AtABCC2RT-R TACTTATCACGAAGAACACAACAGGG This study
His3MX6-
YHL035F
GGGAACGGATCCCCTTATTATCCGAAATAATGGTTCAT
TTTGGGAAATCTGTTTAGCTTGC This study 
His3MX6-
YHL035R
GCTCTAGGCCCCCACTGTCACGACACATACTATAAAAT
ATACCGCGTTTCTGCGCACTTAAC This study
YLL015F ACCAAAACCAAGAAAGAAAGTCGTTCC This study
YLL015R TGACTGAGAATACTGTTGTCATGTC This study
YLL048CF AAAACTGCTCCTGATCTCAAGCCAC This study
YLL048CR AATGTTCTCTCGAGCTTCCAAGGCC This study
ATAGATATTAAGAAAAACAAACTGTACAATCAATCAATCTaPCS1:: cup1-1F AATCATCACATAAAatggaggtggcgtcgctg This study
TaPCS1:: cup1-
1R
TTTAAAAATTAAAAACAGCAAATAGTTAGATGAATATAT
TAAAGACTATTCGTTTCAagtgagcagattgtcgcag This study
AtPCS1_F2 GGAAGCCATGGACAGTATTG Blum et al, 2007 (17)
AtPCS1_R2 TTCTCCTCTGCGCTGAGATT Blum et al, 2007 (17)
Tubulin8 F CTCACAGTCCCGGAGCTGACAC-
Tubulin8-R GCTTC AGTGAACTCCATCTCGT
